Abstract-In this paper, a test setup that emulates field conditions equivalent to the ones of the rotor of a Salient Pole Synchronous Machine (SPSM) is presented. A 3-D Finite Element Method (FEM) model of the test setup is used to examine the induced eddy currents and to estimate losses using direct eddy current calculation method. The high mesh resolution of the model enables an accurate calculation and detailed illustration of the induced eddy currents as well as the estimation of related losses via direct computation within the volume of the test samples. A comparison of the estimated eddy current losses is made for different lamination thicknesses and materials of the test object. In the paper it is shown that the approximation that the eddy current losses are directly proportional to the square of the lamination thickness is not valid in the considered cases.
I. INTRODUCTION
Nowadays, a general trend in the design process of electrical machines is to limit the costly and time consuming physical prototyping. Instead, virtual prototyping is used to design and optimize machines. Virtual designs, based on analytical and numerical models, are used by engineers to simulate the operation of electrical machines and to predict their overall performance. The widely used numerical technique for electromagnetic design of electrical machines is the Finite Element Method (FEM).
For the estimation of the core losses, various iron loss models have been introduced and are available in FEM software products. Nonetheless, an accurate prediction of these losses is still challenging. In many cases, the losses are calculated through post-processing computation of the magnetic field and separation into classical eddy current losses, hysteresis losses and excess losses based on Bertotti's theory of loss separation [1] .
The basic form of this method shows several inadequacies. Usually the estimation takes into account only the fundamental frequency and assumes that the induction waveform has no local minima (minor hysteresis loops). In of the harmonics by introducing an equivalent elliptical hysteresis loop. Although this method provides an acceptable accuracy for hysteresis loss in the time domain, it has the same limitations with the rest of the models based on the theory of loss separation concerning the classical eddy current loss term. In particular, this term is derived considering uniform magnetization and homogeneity of the magnetic field distribution [1] . By assuming that the flux has a uniform and unidirectional distribution across the laminated steel, the models disregard the impact of skin effect, which is particularly prominent at high frequencies.
In the study of the rotor core losses in an electrical machine, the accurate estimation of the eddy current loss term is of major importance, as the rotor is exposed to high contents of space and time harmonics. Especially in the case of a Salient Pole Synchronous Machine (SPSM), the waveform of the magnetic flux density in the pole shoe of the rotor has a high DC value, close to the magnetic saturation region, while it has a very small ac variation due to the field of the higher harmonics. Therefore, the domain wall motion caused by this field can be considered insignificant, while the area of the resulting minor hysteresis loop is particularly small. Consecutively, the total hysteresis losses inside the volume of the rotor under these field conditions can be assumed to be negligible compared to the eddy current losses, which become the major core loss component.
For the estimation of eddy current losses in an electrical machine, and especially in the rotor of a SPSM, the technique that is assumed to give the most reliable results is based on 3-D FEM direct loss computation of eddy currents. This method calculates the electric current density J via direct computation by the finite element analysis (FEA) in the transient type of solution, where the solver uses the T v − Ω formulation [3] . The resistive losses of induced eddy currents inside the volume of the lamination can be directly defined by the following equation:
where σ is is the electrical conductivity of the material of the body. The resultant estimations from the simulations need to be validated through measurements. However, the complexity of the geometry of the rotor of a SPSM (presence of damper windings, slip rings and brushes or brushless exciters etc.) makes it difficult to directly measure iron losses on it. Consequently, the use of a measurement system that is able to emulate the field conditions from the perspective of the rotor is preferable. As it is explained in [4] , none of the existing loss measurement systems have this ability. In [4] , the geometry of a measurement setup capable of subjecting test samples to field conditions equivalent to the existent in the rotor of a SPSM is developed in a 2-D FEM model. In order to emulate appropriate magnetic conditions in the setup without any mechanical rotation, the test sample is exposed to a magnetic traveling wave which is created in the airgap g of the setup. This traveling wave is produced only by one frequency, the effective frequency, which substitutes the sum of higher harmonics produced in the air-gap of the actual SPSM due to the interaction of the stator and rotor magnetic fields [4] . In this paper, a 3-D FEM model of this measurement setup is designed and utilized to investigate the eddy current rotor losses in laminated Si-Fe steel. The outline of this paper is as follows: in section II, a detailed description of the 3-D model of the measurement setup is presented, whereas in section III the induced eddy current loops within the volume of the test sample are observed. In section IV, a comparison of the estimated eddy current losses with direct computation is made for different lamination thicknesses. In addition, the influence of the material of the test sample as well as the wavelength of the magnetic traveling wave on the resulting losses is discussed. Conclusions are drawn in the last section.
II. 3-D MODEL DESCRIPTION
The 3-D geometry of the designed setup with a 2-pole 3-phase winding and a 2 mm thick test sample is shown in Fig. 1 . The excitation characteristics of the model are listed in Table I . It is comprised of a rectangular magnetic core and an AC winding wound on it. A test sample made from the same material as the magnetic core (electrical steel of equivalent conductivity and B-H curve with a silicon steel of M400-50A grade) is placed in the center of the geometry with a DC winding on it. In addition, an auxiliary AC excitation is placed on both branches of the magnetic core in order to achieve constant amplitude of the magnetic traveling wave in the air-gap between the test sample and the AC winding [4] . It can be observed that at the top and bottom of the test sample two additional domains are modeled. These domains have the same material assigned as the tested lamination. They are included in the design in order to reduce the end effects of the test setup influencing the field distribution in the middle lamination (test sample). It was concluded from the investigation in the 2D model that the main part of the AC flux is concentrated in the front half of the test sample that is closer to the AC excitation [4] . As a result, the analysis of the eddy currents loss is focused only on this area and the generated eddy currents in the rest of the test sample are considered negligible. In order to model with high accuracy, the front half of the test object is divided into thin layers of 0.1 mm width in the z-direction, see Fig. 2 . This length is an approximation of the average skin depth, δ, in the investigated cases, that was calculated in the 2-D model from the estimated B(t) in the area of the test sample that is closer to the AC winding. In addition, the test sample is divided into 7 regions in the y-direction, as it is presented in Table II , in order to improve the mesh in the area closer to the AC winding where the eddy currents mainly arise. In Fig. 2 , the different regions in which the test object is divided for the case of 2 mm lamination thickness are shown. It should be noted that Regions 4-7 are not part of Region 3.
In order to determine the appropriate depth of the setup, a sensitivity analysis is conducted in the model with a 2-pole AC winding and a 2 mm thick test sample. A small area in the air-gap between the test object and the AC winding with depth equal to the thickness of the lamination is defined as air-gap g, as shown in Fig. 3 . On a line in the middle of the air-gap g between the test object and the AC winding, the produced traveling wave of magnetic induction B(x) is recorded for one electrical period T = 0.74074 ms.
As it is shown in Table III , there is a noticeable discrepancy between the results of the 3-D and the 2-D model for the depth of 100 mm in terms of the DC value of the magnetic induction, B DC . This phenomenon is believed to be caused by the end effects in the model and especially due to the leakages at the top and the bottom surfaces of the geometry. In order to justify this claim, two odd symmetry boundaries are imposed on top and on bottom of the setup while the depth of the model is selected to be 100 mm (Fig. 4) . The flux is considered to be entirely tangential on the surfaces that these boundaries are placed and as a result the depth of the model is assumed infinite. The elimination of the end effects in this case is indicated by the smaller deviation of the resulting B DC from the respective value of the 2-D model compared to the previous cases and by the lower value of the flux leakages due to the high concentration of flux in the corners of the test sample, B m . To sum up, it is challenging to specify the optimal depth of the 3-D model due to the strong presence of fringing fields that cause magnetic flux leakages. For greater depths (300 mm, 500 mm), the resulting magnetic fields produced by the setup can be considered in accordance with the results of the 2-D model (variance ≤ 10 %). However, the mass of the active material (copper and steel) in these cases exceeds reasonable limits, as shown in Table III . For the further theoretical 3-D investigation in this paper, the idealized model with the symmetry boundaries shown in Fig. 4 will be used.
III. ANALYSIS OF EDDY CURRENTS IN THE VOLUME OF THE TEST SAMPLE
In the designed setup, the magnetic field B, which is created by the AC winding, is inducing voltages inside the volume of the test sample. As the material of the test sample is conductive, these voltages result in the creation of eddy currents which flow in closed loops in planes perpendicular to the magnetic field B. According to the Maxwell -Faraday equation:
where ∇× is the curl operator and E is the spatially-varying, non-conservative electric field of the eddy currents induced by the time-varying magnetic field B of the AC excitation [5] . If E is defined by the Ohm's Law, the above equation becomes:
Therefore, the magnitude of the eddy currents density is proportional to the rate of change of the magnetic field, ∂B/∂t, and to the conductivity, σ, of the material of the test sample.
An investigation of these resulting eddy currents is made in the case of the setup with a 2-pole AC winding and a test sample of 2 mm lamination thickness and of the material properties equivalent to SiFe steel grade M400-50A. The simulation results are analyzed during the 3 rd period T (t = 1.48148 ms -2.22222 ms), where the initial transients have passed and the eddy current losses have reached steady-state. For the time instant t = 1.48148 ms, the vectors of the eddy currents density J on the external surface of the top layer in Regions 1, 2 and 3 of the test sample are presented in Fig. 5 . As it is concluded also in the 2-D investigation of [4] , it can be observed that the amplitude of the alternating magnetic field is gradually decreasing towards the middle of the test sample, resulting in a proportional reduction in the magnitude of the eddy currents density.
As a next step, the induced eddy currents in Regions 3, 4, 5, 6 and 7 are examined. In these regions, the majority of the AC flux that is crossing to the test sample through the air-gap is forming closed loops. The resulting eddy currents loops are created in planes parallel to the xz-plane and can be observed in Fig. 6 . These loops are shown for 3 time instants, together with their current density on the surfaces of the top and the middle layer as well as on the front surface of the test sample (xy-plane) which faces air-gap g. In this figure, the dependence of the eddy currents' magnitude on the time derivative ∂B/∂t of the magnetic induction B(x) over a line T in the middle of the air-gap g can be observed. In addition, the directions of the high-current density loops, which are indicated with black arrows in the top layer of the test sample, are in accordance with the sign of the time derivative. In particular, the eddy currents flow clockwise when the time derivative of the flux density is positive and counterclockwise when the time derivative is negative. Finally, the concentration of the circulating eddy currents is significantly higher on the top surface than in the middle due to the phenomenon of the skin effect that pushes the flux and the currents on the outer layer of the test sample.
IV. LAMINATION THICKNESS, MATERIAL AND WAVELENGTH INFLUENCE ON LOSSES
Initially, the eddy current losses are examined in the setup with a 2-pole AC winding configuration. For this setup, an eddy currents loss analysis is made for different lamination thicknesses (2mm and 0.5mm) as well as materials (silicon steel of grade M400-50A and construction steel) of the test sample. In addition, a comparison is made in the case of the M400-50A 0.5 mm thick test sample between the estimated eddy current loss through the direct simulation method and the respective results of a time-domain numerical approach based on Bertotti's theory [2] . Finally, the eddy current losses are estimated in the setup with a 4-pole AC winding configuration in order to investigate the impact of the wavelength of the magnetic traveling wave on the induced eddy current losses in the test sample.
A. Comparison of different lamination thicknesses
The material properties of a silicon steel grade M400-50A are assigned to 2 mm and 0.5 mm thick lamination of the test object for the same AC and DC excitations. For these two cases, the DC value, B DC , and the amplitude of the AC variation, B, of the magnetic traveling wave in the middle of the air-gap g are presented in Table IV , along with the maximum value of the magnitude of the magnetic field on the two sides of the traveling wave, B m . The method that is used for the eddy current loss estimation is based on the direct calculation of the eddy currents inside the volume of the half test sample. The average value of the losses is calculated at the 3 rd period T (t = 1.48148 -2.22222 ms) of the simulations for the two different lamination thicknesses and the results are presented in Table V . In the classical formulation of the eddy current losses the loss value increases with the square of the lamination thickness [2] . It is observed that in the simulated conditions with the direct eddy current calculation the increase of eddy current losses between 0.5 and 2 mm thick lamination is smaller compared to this basic estimation. Taking into account a complicated structure of the eddy current loops resulting from the traveling wave (see Fig. 6 ) more investigation is needed to explain the difference in loss increase.
B. Comparison of different estimation methods
In addition, the iron losses in the test sample are estimated in the case of the 0.5 mm lamination thickness with a timedomain numerical approach based on the statistical model of loss separation [2] . The core loss coefficients of the material where calculated by the FEM software using curve fitting on provided loss measurement data. According to this curve fitting, the excess loss coefficient k exc equals to 0, therefore the calculated core losses comprise of hysteresis and eddy current losses only. The results of this method are compared in Table VI to the respective results of the direct eddy current simulation method.
Comparing the loss calculation results from the statistical core loss model and direct eddy current simulation for 0.5 mm thick lamination, it can be observed that, the second method gives significantly lower loss value. Such result can be explained by the fact that the skin effect is present for the considered frequency even in 0.5 mm thick lamination. Presence of the skin effect implies development of high density current loops in the material which in turn induce a non-negligible magnetic field that is counteracting the harmonics from the air-gap [6] .
C. Comparison of different materials
As a next step, a comparison is made in cases where the test sample is made from different materials and has lamination thickness 0.5 mm. Apart from the steel of grade M400-50A, a construction steel is investigated. The conductivity, σ of the two materials as well as the characteristics of the traveling waves of magnetic induction B in the middle of the air-gap g for the two investigated cases are presented in Table VII . In addition, the magnetization curves of the two materials are shown in Fig. 7 .
The average values of the calculated eddy current losses via direct computation (calculated during the 3rd period T) are compared for the two different materials in Table VIII . It can be observed that the eddy current losses in the construction steel are significantly higher compared to the steel M400-50A. A reason for this result is the dependence of the eddy current losses on the conductivity of the material. In addition, the eddy current losses are proportional to the volume within which the eddy currents develop and circulate. This volume depends on the skin depth of each material locally in the different regions of the test object. In Fig. 8 , it can be observed that, in the case of the construction material, the circulation of eddy current takes place in a larger part of the volume of the test object due to the deeper flux penetration. 
D. Comparison of different wavelengths
In addition, the eddy current losses are examined in the case of a 4-pole AC winding configuration with the same DC and AC current excitations as the ones in the model with the 2-pole AC winding (see Table I ). The direct eddy current analysis method is utilized for test samples of the material M400-50A with 2 mm as well as 0.5 mm lamination thickness. For these two cases, the characteristics of the traveling waves of magnetic induction B in the middle of the air-gap g are presented in Table IX . Moreover, the values of the average steady-state eddy current losses during the 3rd period T are presented in Table X . The losses in the setup with the 4-pole AC winding are smaller compared to the losses in the setup with the 2-pole AC winding and the same material (22.61% and 24.02% in the cases of the 2 mm and the 0.5 mm respectively - Table V  and Table X) . A small deviation can be also noticed in the amplitude of the traveling magnetic waves, B, of the two setups (4.44% and 4.25% in the cases of the 2 mm and the 0.5 mm respectively, see Table IV and Table IX ). This deviation is believed to be caused by a local current saturation around the conductors in the case of the 4-pole AC winding due to the higher current density. As it can be observed in Fig. 9 , the number of the eddy current loops in the setup with the 4-pole winding is as expected higher due to the smaller wavelength of the traveling wave and the more frequent changes in the gradient of the waveform.
V. CONCLUSION This paper presents an analysis of the eddy current losses in a measurement setup that subjects the test samples to field conditions equivalent to the existent in the rotor lamination of a SPSM. The 3-D FEM model of this measurement setup is developed to enable the investigation of the assumed three dimensional nature of the studied phenomenon. The direct computation of the eddy current losses by the FEM software within the volume of the test sample for different lamination thicknesses is utilized. The comparison of the results of this method with the incorporated loss model based on the statistical loss separation method (into hysteresis, eddy current and excess losses) shows that the two models have significant discrepancy in the loss estimation. The use of the direct eddy current calculation technique in the investigated cases leads to lower estimated losses, which are not dependent on the square of the lamination thickness. It is claimed that the more reliable results are delivered by the direct eddy current computation method since the statistical loss model is not suited for loss estimation when the skin effect and rotational losses are present. Additionally, due to the skin effect occurring in the lamination the high current density of eddy currents is capable of inducing magnetic field that is opposing the air gap harmonics. This effect is not taken into account when statistical loss model is used.
In addition, the impact of different test materials as well as spatial wavelengths of the magnetic traveling wave on the estimated eddy current losses was investigated. However, in order to give certainty in the simulation results, measurements should be performed on the designed setup. Therefore, within the scope of future work, the experimental validation of the 3-D FEM loss calculations based on direct eddy currents simulations is necessary.
